Abstract: This paper presents a thermodynamic analysis of a biochemical process for the production of bioethanol from a lignocellulosic feedstock. The major inefficiencies in the process are identified as: i) the combustion of lignin for process heat and power production and ii) the simultaneous saccharification and fermentation process. As lignin is not converted to ethanol and lignin has a high value of chemical exergy, the overall efficiency of the biochemical process largely depends on how the lignin is utilized. We therefore consider integrating a source of low temperature heat, such as waste heat or low-enthalpy geothermal heat, into a biochemical lignocellulosic biorefinery to provide process heat. This enables the lignin-enriched residue to be used either as a feedstock for chemicals and materials or for on-site electricity generation. Our analysis shows that integrating low temperature heat source into a biorefinery in this way represents an improvement in overall resource utilization efficiency.
Introduction
Increasing the percentage of liquid transport fuel from renewable biomass sources is an important opportunity in the move towards a more sustainable energy system. Recent political and research and development trends show a clear move towards lignocellulosic feedstocks for these biofuels [1] . Lignocellulosic feedstocks mitigate competition for land and water used for food production, increase biomass production per unit of land and reduce the inputs needed to grow the biomass [2] [3] [4] .
A key challenge for biofuel production systems is to develop efficient conversion technologies which are able to compete economically with fossil fuels. The biorefinery concept [5, 6] , where a range of high-value co-products are produced in addition to commodity fuel products, attempts to achieve increased efficiency by making full use of biomass feedstocks [5, [7] [8] [9] . Due to the potential cost reductions from this strategy, biorefineries are seen as a key step towards the commercial implementation of biofuels [5] .
A large percentage of the lignocellulosic biorefinery concepts that have so far been proposed are based on a biochemical conversion platform where the polysaccharides in lignocellulosic material are converted to liquid fuel using enzymes [10, 11] . In these systems it has been proposed that the lignin by-product and other extractives can be used for higher value uses such as the production of high-value chemicals and materials [5, 7] or on-site electricity production [12] .
One of the major impediments to the lignocellulosic biorefinery concept is that the liquid fuel production from lignocellulosic biomass is a very energy intensive process [5, 11, 13, 14] . Current integrated biorefinery concepts use the lignin-enriched residue as a fuel to meet process energy demands, reducing the possibility of higher-value uses of lignin. A potential option to overcome this is to introduce an external source of low-enthalpy heat, such as geothermal or waste heat, to meet the process heat demand and thereby leave the ligninenriched residue available for higher-value uses.
As with other energy technologies, thermodynamic analysis provides a powerful tool to guide technology selection and research efforts towards more efficient biofuel production systems. Conventional energy analysis based only on the first-law of thermodynamics cannot be used reliably for these purposes as it does not embody second law constraints on energy conversion and erroneously treats all energy types as equal [15] .
Exergy analysis is a convenient method of carrying out thermodynamic analysis of complex systems and has been applied to a wide range of different processes, including; energy technology, chemical engineering, transportation and agriculture [16] . A number of authors have recently applied exergy analysis to biofuel production process [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . While a number of exergy analyses of thermochemical pathways exist [18, 19, 22, 23] applications of exergy analysis to biochemical pathways are limited [20, 24, 25] .
In paper we present an updated synthesis of our previous work [25, 26] on applying exergy analysis to identifying the inefficiencies in a biochemical process for producing biofuel and evaluating the potential efficiency gains from integrating low-enthalpy heat into the process. The analysis is based on the National Renewable Energy Laboratory (NREL) process [11] for producing ethanol from a lignocellulosic feedstock.
Methodology

Exergy analysis
Unlike energy, exergy is exempt from the law of conservation. Every irreversible phenomenon causes exergy losses leading to the reduction of the useful effects of the process or to an increased consumption of the original energy source. The main aim of exergy analysis is to identify and quantify the causes of this thermodynamic imperfection in the process under consideration. The methodology of exergy analysis is presented by Szargut et al. [15] and the general approach to applying exergy analysis to biofuel production processes are given in Lu et al. [19] and Prins et al. [21] . One of the major difficulties in applying exergy analysis to biochemical process for biofuel production is that a number of components are not present in standard exergy tables [15] . In our previous work [25] , a table of exergy values for these components and the methods used to calculate them are presented.
The biochemical production process
Several process models for the production of ethanol from biomass have been reported in the literature [11, 13, 14] . In particular, in a NREL publication Wooley et al. [11] have described in detail the overall process for ethanol production from wood chips via a process of simultaneous scarification and co-fermentation (SSCF). They considered a process that on average converts about 44.44 kg/s of biomass to 5.52 kg/s of ethanol. The process utilizes lignin enriched by-products to meet process heat demand. The model showed that such a plant can produce more energy than required for process demands. The model includes an integrated power plant capable of producing 44 MW of electricity (33 MW for internal use and 11 MW for export). Piccalo and Bezzo [14] have developed an optimized system by applying pinch analysis to the original system described by Wooley et al. [11] . The analysis presented here is based on this optimized system. An overview of the process is shown in Fig  1. Following Piccalo and Bezzo [13] , the base case considered here processes 160 metric Ton of wet chip per hour, where the composition of the wood chip is cellulose: 22 
The efficiency of biochemical production process
One of the key parameters that can be evaluated in an exergy analysis is the overall thermodynamic efficiency. The thermodynamic efficiency of a system is defined as [15] :
In the current case, the overall efficiency of ethanol production via the biochemical process described in section 2.2 can be written as
Here, Exergy analysis can also be used to evaluate thermodynamic losses in each unit process of the system. The exergy balance [27] applied to the system boundary of a unit operation of a process gives is the total output exergy flow in the waste products from the unit process and I is the exergy destruction due to internal irreversibility. The last two terms in the exergy balance represent the total exergy loss associated with the unit process. For an irreversible process 0 ≠ I and Eq. (3) expresses the fundamental property that, unlike energy, exergy is not conserved.
Efficiency improvements by integrating a low temperature heat source
One possibility for improving the efficiency of biofuel production is to integrate a low temperature heat source to meet process heat demands. We consider three discrete cases and calculate the corresponding efficiencies. Here we assume that the internal electricity demand is met from the combustion of lignin-enriched residue. The rejected heat from lignin combustion can also be used to meet all the low temperature heat demand (150 ºC or less).
The highest quality steam required for the biorefinery process is 192ºC (saturated at 13 bar). This steam demand can be met from any suitable low temperature heat source. The energy required for the highest quality steam is about 46 MW (or 17.6 MW of exergy). We could meet this heat demand by using an external 210ºC heat source in the biofuel production system, thus integrating heat and biomass resources in a single process. An alternative use for this steam is in an independent power plant. Assuming a typical binary cycle power plant first law efficiency of 15% [28] we can get about 6.9 MW of electricity from this same heat source. In this work we would like to compare the overall resource efficiency of the integrated vs. independent use of the two resources. We consider 3 cases:
Case 1
This represents the base case, here we operate the biorefinery and the low temperature heat source independently, with the low-temperature heat being used in an independent power plant. The overall efficiency can be calculated from Eq. (2) 
Case 2
Here we integrate the heat source into the biorefinery to meet the high-temperature heat demands (in the biochemical process) and combust the available lignin-enriched residue to produce additional power. The overall efficiency is calculated from Eq. (2) 
Case 3
In this case we meet internal electricity demand from lignin combustion and leave any additional lignin for some higher value use. The overall efficiency is calculated from Eq. (2) 
Results
Exergy analysis of the biofuel production process
The efficiency of the standard NREL process [11] is calculated to be 34% using Eq. (2). Fig.  2 (b) provides a breakdown of the exergy losses in various unit operations of the production process. For comparison we have also provided a breakdown of the energy losses in Figure 2 (a). It is clear from the figures that heat and power production is the major contributor to both energy and exergy losses. The second, third and fourth largest contributors to energy loss are evaporation, distillation and dehydration and the pre-treatment & detox processes, respectively. Unlike the energy losses, the second, third and fourth largest contributors to exergy losses are SSCF, SSCF seed and pre-treatment processes, respectively. Feed handling and lignin separation have similar levels of contribution to energy and exergy losses (less than 1%).
Efficiency improvements by integrating a low temperature heat source
The calculated overall efficiency for case 1 is 34.0% which is considered as the base case here. If we integrate the low temperature heat source to the biorefinery (case 2) efficiency becomes 35%. Although, the overall improvement is only 1%, there is a significant improvement in low temperature heat utilization. In particular, an additional 4.1 MW of electricity is generated which represents a 40% gain in electricity generation from the same low temperature heat source. The overall efficiency for case 3 is 40%. Fig. 3 presents a Grassman diagram of case 3, showing the exergy flow through the various stages of the system.
Discussion and conclusion
The difference in the breakdown of energy and exergy losses in the system presented in Fig. 2 emphasises the importance of exergy analysis. While both the energy and exergy analysis show that heat and power production is the major loss, there is a significant difference for most of the other unit processes. This difference arises from the fact that first law analysis (energy) treats all forms of energy to be the same, whereas exergy analysis takes into account the available work in different forms of energy. For example, although evaporation, distillation and dehydration are associated with large energy demands, this demand can be met with low temperature heat sources (low exergy sources). In contrast, the SSCF and SSCF seed processes consume very little heat (low exergy) but require a significant amount of electricity (high exergy). A thermochemical process involving gasification and FisherTropsch synthesis was found to have a similar overall efficiency of biochemical process [22] . A more detailed comparison is presented in [25] . 
Fig. 3. Grassman diagram for an ethanol and lignin-enriched residue production process where the 192ºC heat demand is met from low temperature heat source and the remaining internal electricity demand is met from lignin combustion
There are two main reasons that heat and power generation is the largest area of exergy loss in the process. Firstly, due to the inherent inefficiency of combustion, much of the chemical exergy in the lignin is lost. The Carnot efficiency places limits on the ability of future technologies to improve this efficiency. Secondly, the direct reduction in temperature from the combustion temperature (815 ºC for lignin) to that of the process heat (200 ºC) leads to a further loss of exergy. The exergy loss due to entropy generation associated with heat transfer to a cooler medium can be easily deduced from the Carnot efficiency [15] ) ( where all temperatures are in Kelvin. From Eq. (7) the exergy loss due to entropy generation associated with heat transfer from 815ºC to 200ºC with ambient temperature of 25ºC is calculated to be 49% of the original exergy, whereas if we meet the heat demand from low temperature heat source of 210ºC, the exergy loss due entropy generation associated with heat transfer becomes only 3% of original exergy. This explains the improvement in efficiency by integrating a low-enthalpy heat source to meet the process heat demand.
Producing co-products or usable by-product can also change the efficiency of the system significantly. For instance, gypsum and ammonium acetate (4.8 MW, 16.8 MW equivalent of exergy, respectively) are produced in the detox process. If we can recover and utilize even 50% of these two wastes/by products, the overall efficiencies for case 1, case 2 and case 3 increase to 35%, 37% and 42%, respectively.
In summary, this analysis shows that, in essence, the lignin enriched residue is too valuable from a thermodynamic perspective to be combusted for process heat. This is therefore a thermodynamic justification for the biorefinery concept which proposes making the most out of the biomass by using the lignin-enriched residue as a feedstock for higher value products. For current technologies, to support this concept requires a source of low-temperature heat to meet process heat demands. Using a heat source with a temperature very close to that of process heat demand reduces the losses incurred by this approach. Potential sources of this heat are waste heat and geothermal. Overall, this process of integrating low-enthalpy heat and thus leaving the lignin enriched residue available for higher value uses can lead to significant improvements in overall efficiency of a biochemical biofuel process. This analysis also showed that if we can recover and utilize some of the key wastes and by-products, the overall efficiency increases due to the large exergy content in these chemicals.
